Abstract
Question:
In the microwave portion of the electromagnetic spectrum, does it make a difference in terms of how much energy is scattered by snow crystals, whether or not they have a particular orientation in regards to each other? Put in another way, in calculating the amount of energy that is transferred from the ground, through the snowpack, can it be assumed that all of the crystals in a snowpack are randomly oriented? Approach:
Use a particle scattering model to simulate the scattering of microwave radiation for crystals having different orientations.
Significance:
A discrete dipole scattering model was used to measure the radiation scattered by snow crystals having different orientations.
Findings imply that the orientation of the snow crystal, in comparison to the size of the crystal and the spacing between crystals, plays an insignificant role in scattering microwave energy in the 35GHz region of the spectrum. Therefore, the assumption in radiation transfer approaches, where snow crystals are modeled as random scatterers, is adequate to account for the transfer of microwave radiation emanating from the ground and passing through a snowpack.
Relation to MTPE science plan: Land surface variability and water process studies (snow hydrology (Foster et al., 1999) . However, crystal size alone does not account for all of the scattering or energy redistribution.
radiationincoherentlyand independently of the path lengthbetweenscatteringcenters (Changet al., 1987) .It hasbeen demonstrated that if the snow crystal size differs significantly from the assumed average, then poor snow water equivalent (SWE) estimates will result (Chang et al., 1987; Foster et al., 1996) . Furthermore, it has been found that the shape of the crystal plays no significant role in scattering microwave radiation (Foster et al., 1997; Foster et al., 1999) .
However, it has not been known whether a significant error is induced in solving the radiative transfer equations by making assumptions about the orientation of snow crystals in a mature snowpack.
This study is a follow up to the paper on the microwave response to snow crystal shape, which was published in this journal last year (Foster et al., 1999) . For the present study, again a particle scattering model is used, but this time to calculate the extinction, scattering and absorption efficiency of crystals having random and non random orientations with both horizontal and vertical polarizations. This information will be valuable for determining whether the orientation absorption/emission and scattering properties of the snow layers (Foster et al., 1984) . If the snowpack is thick (> penetration depth of the wavelength) then it may be treated as a semi-infinite medium and contributions from the ground will not be as important (Chang et al., 1976 et al. (1984) found that where the snowpack has undergone metamorphism,horizontally polarized data arebetter correlatedto snowdepth and SWE than are vertically polarized data.
The vertically-polarized brightnesstemperaturesat 37GHz for snow covered land has been shown to be more sensitive,or to vary more diurnally, than horizontally polarized brightness temperatures (Hallikainen, 1989) . Walker and Goodison (1993) With wavelengthslonger than visible light, crystal orientation is not a key factor in terms of how much energyis scatteredandabsorbedin falling snow or in snowon the ground. For the crystal sizes typically found in a snowpack, the effective particle size is so dominant in scattering microwave radiation that the cumulative contribution of other structural features, including orientation,seemsto be overwhelmed. Evidencefor this hasbeenpresentedin several studies (Siqueira, 1995 , Matzler, 1997 and Foster et al., 1999 . In refining the microwave algorithms used to estimated snow depth and SWE, it is necessaryto have accurate measurements and or models that considerthe effects of all possiblesourcesin scatteringand absorbingmicrowaveenergy.It is importantto know which contributionsarecritical andwhich canbe ignored.The resultspresentedhereusinga discretedipole model showthat for scattering, the crystal orientationcanbeignored,in termsof the extinction of microwaveenergy.
Nevertheless, it needsto berememberedthatmodelsareonly representations which canbe used to direct experiments,but their accuracycannotactually be proved, only disproved (Oreskes, 1994 Size is the radius of the circumscribing sphere in lain.
The modeled wavelength is 8,100 lain, equivalent to 37GHz. The refractive index of water ice is 1.74 + 0.0024i. Size is the radius of the circumscribing sphere in lain.
The modeled wavelength is 8,100 lain, equivalent to 37GHz. The refractive index of water ice is 1.74 + 0.0024i. Presently, a number of microwave algorithms are available to evaluate and retrieve snow cover and snow depth for specific regions and specific seasonal conditions. For the Chang et al. (1987) algorithm, the lack of precise information about snow crystal size and shape has been compensated for by using an average size of 0.3 mm (radius), a density of 300 kg m -3 , an assumed spherical shape for the snow crystals, and the assumption that the crystals scatter radiationincoherentlyandindependentlyof the path length betweenscatteringcenters (Changet al., 1987) .It hasbeendemonstratedthat if the snow crystal sizediffers significantly from the assumedaverage,then poor snow water equivalent (SWE) estimateswill result (Chang et al., 1987; Fosteret al., 1996) .Furthermore, it hasbeen found thatthe shapeof the crystal plays no significant role in scattering microwave radiation (Foster et al., 1997; Foster et al., 1999) .
However, it hasnot been known whethera significant error is inducedin solving the radiative transfer equationsby making assumptionsabout the orientation of snow crystals in a mature snowpack.
This study is a follow up to the paperon the microwaveresponseto snowcrystal shape,which waspublishedin thisjournal last year (Fosteret al., 1999) .For the presentstudy,againa particle scatteringmodel is used, but this time to calculate the extinction, scatteringand absorption efficiency of crystals having random and non random orientationswith both horizontal and vertical polarizations.This informationwill be valuablefor determiningwhetherthe orientation of the snow crystal is an important enoughparameterto be accountedfor in modeling the radiativetransferof microwaveenergyemanatingfrom below andwithin snowpacks.
Passive Microwave Radiometry
The microwave radiation emitted by a snow cover is dependent upon the physical temperature, crystal characteristics and the density of the snow. A basic relationship between these properties and the emitted radiation can be derived by using the radiative transfer approach.
Microwave emission from a snow layer over a ground medium consists of contributions from the snow itself and from the underlying ground. Both contributions are governed by the transmission and reflection properties of the air-snow and snow-ground boundaries and by the absorption/emission and scattering properties of the snow layers (Foster et al., 1984) . If the snowpack is thick (> penetration depth of the wavelength) then it may be treated as a semi-infinite medium and contributions from the ground will not be as important (Chang et al., 1976 The incident radiation is always assumed to propagate along the x axis. Two vectors (al and a2)
are assumed to be embedded within the target; a2 is perpendicular to al. For the case of a 9 x 6 x anglesTHETA and PHI specifythe direction of al with respectto the incident radiation.The target is assumedto be rotated aroundal by an angle BETA. In this study, two caseswere examined:a randomly orientedcase,where BETA, THETA, and PHI are all allowed to vary between0 and360 degreesandthe resultis averagedoverthat range;a non randomcase,where BETA and PHI are held constantat 0°, and THETA is permittedto vary from 0 -90°: The model allows for the specificationof a general elliptical polarization for incident radiation.
However, for this study, two linear polarizations,parallel to the horizontal and vertical axes, wereused.Scatteredintensitiesarecomputed for two scattering planes at intervals of 30 degrees in the scattering angle theta.; phi --0 for the x-y plane, and phi _ 90 for the x-z plane (Draine and Flatau, 1994) 4. Results and Discussion Tables 1, 2 It is reasonableto expect that freshly fallen snow is more likely to have preferred crystal orientationsthan do older snow grains which due to settling, melt and refreezing have been repositioned.In somecases,the structureof the snowpackhas been shown to exacerbatethe differencesbetweenthe vertically andhorizontally polarizedmicrowavedata.For example,Hall et al. (1984) found that where the snowpack has undergonemetamorphism, horizontally polarizeddata are better correlatedto snow depthand SWE than are vertically polarizeddata.
The vertically-polarized brightnesstemperaturesat 37GHz for snow covered land has been shownto be more sensitive,or to vary more diurnally, than horizontally polarized brightness temperatures (Hallikainen, 1989) . Walker and Goodison (1993) have used the polarization difference at 37 GHz to discriminate wet snow from snow free land. Ice lenses and metamorphosed snow layersarehorizontalmedia, which seemto influencevertically-polarized datamore thanthe horizontally polarizeddata.From the tables,nonrandomly orientedcrystals, do show small polarization differencescomparedto the randomly oriented crystals,but again, thesemodeleddifferencesarevery small. With wavelengthslonger than visible light, crystal orientation is not a key factor in terms of how muchenergy is scatteredand absorbedin falling snow or in snow on the ground. For the crystal sizes typically found in a snowpack, the effective particle size is so dominant in scatteringmicrowave radiation that the cumulative contribution of other structural features, including orientation,seemsto be overwhelmed.Evidencefor this hasbeenpresentedin several studies (Siqueira, 1995 , Matzler, 1997 and Foster et al., 1999 . In refining the microwave algorithms used to estimated snow depth and SWE, it is necessary to have accurate measurements and or models that considerthe effects of all possiblesourcesin scatteringand absorbingmicrowaveenergy.It is importantto know which contributionsarecritical and which canbe ignored.The resultspresented hereusing a discretedipole model showthat for scattering, the crystalorientationcanbe ignored,in termsof the extinction of microwaveenergy.
Nevertheless, it needsto be remembered that modelsareonly representations which canbe used to direct experiments,but their accuracycannot actually be proved, only disproved (Oreskes, 1994 Size is the radius of the circumscribing sphere in Inn.
The modeled wavelength is 8,100 lun, equivalent to 37GHz. The refractive index of water ice is 1.74 + 0.0024i. Size is the radius of the circumscribing sphere in lain.
The modeled wavelength is 8,100/am, equivalent to 37GHz. The refractive index of water ice is 1.74 + 0.0024i. 
